pacity and surface area) that are important for soil aggregation (Bronick and Lal, 2004) .
Soil physical measurements (e.g., soil water retention and air permeability) have been used in the past as soil structural indicators. Soil water retention is a measure of the water-holding capacity and, indirectly, the pore size distribution of soils. An estimate of the latter can be obtained using the well-known capillary rise equation (Hillel, 1980) . Air permeability (k a ) reveals preferential pathways and hence functional soil structure because it is controlled by the macropore space and its connectivity Kawamoto et al., 2006) . Kirkham et al. (1958) suggested that air permeability measurements at field capacity can provide information on changes and differences in soil structure. Arthur et al. (2012) and Schjønning et al. (1994 Schjønning et al. ( , 2002 used soil water retention and air permeability as soil structural indicators to characterize soil pore structure under different treatments and management conditions.
A step forward in the characterization of soil structure is the development of advanced imaging techniques. X-ray CT is a direct, nondestructive, and noninvasive technique that has been successfully used for three-dimensional examination of soil pore-space geometry. Due to technological advancements in xray CT scanning (improved radiometric detectors and cameras and thus spatial resolution) and in the processing of digital imagery (computer capacity and analytical approaches), x-ray CT imaging offers a powerful tool for understanding the soil structure (Taina et al., 2008) . Various properties of soil pores and pore networks have been estimated using CT: porosity (Anderson et al., 1990; Rachman et al., 2005; Dowuona et al., 2009) , pore size distribution (Luo et al., 2010; Vogel et al., 2010) , tortuosity (Peth et al., 2008; Luo et al., 2010) , and topology (Vogel et al., 2010; Schlüter et al., 2011) . Recently, a few studies have also used x-ray CT to look into preferential pathways (macropores and their connectivity) and their relations to various soil physical processes (Mooney and Morris, 2008; Elliot et al., 2010; Luo et al., 2010) . Elliot et al. (2010) used three-dimensional pore characteristics to predict the saturated hydraulic conductivity using Darcy's equation and a modified Poiseuille's equation. Luo et al. (2010) studied quantitative relationships between soil macropore characteristics and preferential flow and transport. They found macroporosity and path number (analyzed using CT) to be the best predictors of saturated hydraulic conductivity. Most of these studies have focused on linking x-ray CT with preferential water flow (saturated hydraulic conductivity), whereas our study focused on preferential air flow (air permeability). The advantage of linking air permeability with x-ray CT is that both of these are nondestructive methods and hence are more suited to reveal soil structure and preferential pathways. Macropores are defined here as the pores >1 mm analyzed using x-ray CT.
The enormous importance of soil structure and its dependence on soil type motivated us to attempt its characterization as a function of soil clay content. The main objective of this study was to quantify comprehensively the role of clay content in the development of soil structure by coupling soil physical measurements (soil water characteristic and air permeability) and x-ray CT. This further gave us the opportunity to establish correlations between x-ray CT derived macropore space parameters (such as macroporosity) and preferential air flow (air permeability).
MATERIAlS AND METHoDS

Soils Studied
Two sets of intact soil columns of different sizes (100 and 580 cm 3 ) were sampled for this study. The first set included 30 intact soil samples (60 mm in diameter and 35 mm in height, 100 cm 3 ) sampled in five replicates at each location (L1-L6) along a naturally occurring clay gradient from Lerbjerg, Denmark. In a second set, 18 large, intact soil cores (100 mm in diameter and 80 mm in height, 580 cm 3 ) were collected, three from each location along the gradient. All soil samples were sampled from depths below 6 cm in September 2010. After removing the soil-filled cylinder from the field, we trimmed the end faces with a knife and covered them with plastic caps to protect them from mechanical disturbance and evaporation. The undisturbed soil cores were then stored at -2°C until soil physical measurements and x-ray CT scanning could take place. Disturbed soil samples were also collected below the 6-cm depth at the same six locations for textural analysis. The textural analysis of the soils (<2-mm fraction) was performed using a combination of wet-sieving and hydrometer methods. Total organic C was determined by a Leco C analyzer coupled to an infrared CO 2 detector.
Soil Physical Measurements
Soil water retention was measured on the 100-cm 3 soil columns using tension tables (sand boxes) at matric potentials above −10 kPa and pressure plates at matric potentials below −10 kPa. Air permeability was also measured on these soil columns at selected matric potentials (−3, −10, −30, and −100 kPa) using the steady-state method described by Iversen et al. (2001) . The pressure gradient was 0.5 kPa, which ensured laminar flow during measurements. The k a was calculated from Darcy's equation based on the pressure difference across the core.
In a second set of measurements on the 580-cm 3 soil columns, x-ray CT scanning and air permeability measurements were performed after draining them at −30 kPa matric potential. Before measuring k a , the soil was gently pushed to the edge of the soil columns to minimize the risk of air escaping around the edge of the sample and container. This was done because at lower matric potentials the soil can shrink, leaving a gap at the edge for air to leak through.
X-ray Computed Tomography Analysis
An industrial CT scanner, X-Tek HMX225, was used to scan the 580-cm 3 soil columns. The images were acquired at an energy level of 180 kV and 500 mA, and the resulting images had a voxel size of 0.186 mm. Images were analyzed using ImageJ 1.46a software (Ferreira and Rasband, 2012) to examine the changes in macropore characteristics along the clay gradient. All the images were first cropped to exclude the area outside the soil column.
As a result, the diameter and height of each soil column were reduced to 94 and 74 mm, respectively. After that a median filter with a radius of 2.0, which is a commonly used image-processing method to reduce the noise while preserving the edges ( Jassogne et al., 2007) , was applied to all images to minimize noise.
The first step in image processing involves the conversion of an image into a bimodal image (pore and solid phase), commonly known as image segmentation. Image segmentation is the crucial step in image analysis because it determines the quality of the final results (Peth et al., 2008) . The gray-scale volumes were segmented using a locally adaptive thresholding method proposed by Sauvola and Pietikäinen (2000) and implemented in ImageJ. In this method, the threshold t(x,y) is computed using the mean m(x,y) and standard deviation s(x,y) of the pixel intensities in a w by w window centered around the pixel p(x,y):
where R is the maximum value of the standard deviation (R = 128 for a gray-scale eight-bit image) and k is a parameter that takes a positive value 0.5 as proposed by Sauvola and Pietikäinen (2000) . The local mean and standard deviation adopt the value of the threshold according to the contrast in the local neighborhood of the pixels. When there is a high contrast in a region of the image, s(x,y) » R, which results in t(x,y) » m(x,y). When the contrast in the local neighborhood is quite low, the threshold t(x,y) goes below the mean value. After segmentation, macropore characteristics (ignoring pores smaller than five voxels, i.e., approximately <1 mm) including macroporosity, its distribution along the depth of the soil columns, macropore size distribution, surface area, macropore length density, and macropore lengths were analyzed for each soil column using ImageJ software. The ImageJ plug-in 3D viewer (Schmid et al., 2010) was used to visualize the segmented pores in three dimensions for all soil columns. The volume and surface area of macropores in three dimensions were calculated using the ImageJ plug-in Particle Analyzer (Doube et al., 2010) . Surface area was calculated by generating the surface mesh for each macropore. Macroporosity was calculated as the ratio of the sum of the volumes of all pore voxels to the volume of the soil column.
The limiting macroporosity, given as the lowest CT-inferred macroporosity of any quarter-length of the soil column, was estimated using the following procedure. Initially, the average macroporosity of the top 20-mm segment of the soil column was determined. After that, one slice (of 0.186-mm thickness) from the top was removed and one slice from the bottom of that 20-mm segment was added each time to average the macroporosity for each successive 20-mm soil column segment. This process was repeated until the bottom of the soil column was reached. The minimum macroporosity found following this procedure for any 20-mm soil column segment while moving from top to bottom was taken as the limiting macroporosity.
The distribution of macroporosity along the depth of the soil column was calculated using the ImageJ Analyze Particles tool. This tool calculates the macroporosity at each scan depth (the mean for each slice) as the ratio of the area of macropores divided by the cross-sectional area of the soil column after cropping.
Soil macropores are three dimensional; therefore, skeletonization of macropores is helpful to quantify the topology and lengths of the pore networks in three dimensions (Capowiez et al., 1998; Peth et al., 2008) . The skeleton of a macropores is its centerline, which was generated using the Skeletonize 3D plugin (Doube et al., 2010) in ImageJ. The three-dimensional medial surface axis thinning algorithm (Lee et al., 1994 ) is used in this plug-in to find the centerlines of objects in the image. The general idea is to erode the object's surface iteratively until only the skeleton remains. After skeletonization, the Analyze Skeleton plug-in (Doube et al., 2010) in ImageJ was used to quantify the macropore length density and maximum macropore length for each soil column. Macropore length density (cm cm −3 ) was calculated as the sum of actual lengths of all macropores (SL) in a unit volume of soil.
All the soil samples were oven dried for 48 h at 105°C after soil physical measurements and x-ray CT to determine the total porosity and air-filled porosity at specific matric potentials.
Statistical Analysis
A t-test was performed to test for significant differences (P < 0.05) in volumetric water contents retained at −10 kPa matric potential (q 10 ) in the soils from the six locations. Due to deviations from normality of the air permeability measurements at −10 kPa matric potential (k a10 ), the Mann-Whitney U test was used to test for significant differences (P < 0.05) in k a10 for soils from six locations. These tests, along with linear regression analysis, were performed using the software Sigma Plot 11.0 (Systat Software Inc.).
RESUlTS AND DISCUSSIoNS General Description of Soils
Textural analysis indicated that organic matter remained almost constant, whereas the clay content increased and the sand content decreased from L1 to L6. The clay content varied from 0.112 to 0.463 kg kg −1 , silt content from 0.078 to 0.151 kg kg −1 , and sand content from 0.810 to 0.386 kg kg −1 from L1 to L6. Organic matter content ranged from 0.022 to 0.026 kg kg −1 along the clay gradient (Table 1) .
Characterization of Soil Structure Along the Clay Gradient Soil Physical Measurements
Soil-Water Characteristic.The soil-water characteristic was measured (at −1, −3, −5, −10, −30, −50, and −100 kPa matric potentials) on 100-cm 3 soil columns sampled along the clay gradient (average of five replicates at each location) as shown in Fig.  1a . The pF value is defined here as the logarithm of the absolute value of the soil water matric potential in hPa (Schofield, 1935) .
The water-holding capacity of soils at both saturation (pF = 0) and different matric potentials increased with increasing clay content of the soils (from L1 to L6). Total porosity varied from 0.39 to 0.50 in the clay gradient (Table 1) , with maximum porosity at L6 (0.463 kg kg −1 clay content), whereas minimum porosity was found at L3 (0.213 kg kg −1 clay content). This indicates that the soil consisting of balanced proportions of clay, silt, and sand particles (in this case L3) had lower total porosity and higher bulk density. The lower total porosity (higher bulk density) at L5 was might be due to local compaction at the sampling point. A significant difference (P < 0.05) was determined in volumetric water contents retained at −10 kPa matric potential (around field capacity) for all six locations (L1-L6) using the t-test. The P value was found to be <0.05 for all locations except L2 and L3, indicating that all locations were significantly different from each other in their water-holding capacities except for L2 and L3 soils (as also marked with letters in Fig. 1a) .
The soil-water characteristic has been also used as a traditional measure of the pore size distributions of soils. Figure 1b shows the pore size distributions derived from the soil-water characteristic using the well-known capillary rise equation (Hillel, 1980) for soils along the clay gradient (a ±0.01 error in airfilled porosity can be expected). The widest pore size distribution (having both micro-and macropores) was observed for the L1 soil, and the distribution narrowed as the clay content of the soil increased from L1 to L6. A similar effect of texture on pore size distribution has been reported by Nimmo (2004) , who observed a wider pore size distribution for loamy soils than for sandy or clayey soils.
Air Permeability. The gaseous transport parameter (air permeability) has been used in various past studies to characterize the functional soil structure, particularly preferential flow pathways under different treatments (Arthur et al., 2012; Schjønning et al., 1994 Schjønning et al., , 2002 . Air permeability (k a ) measured on 100-cm 3 soil samples at −3, −10, −30, and −100 kPa matric potentials was plotted as a function of air-filled porosity (Fig. 2a) . The k a generally increased with increasing air-filled pore space of the soils. Lower air permeability values were observed for soils with increasing clay contents from L1 to L6. Specifically, the low air permeability values (<1 mm 2 ) observed for the L4 to L6 soils indicates an absence of macropores in these soils. The large scatter in data for the L1 and L2 soils implies the presence of preferential flow pathways in some, but not in all, of the soil columns sampled from the same location. The Mann-Whitney U test was performed to test for significant differences (P < 0.05) in k a values at −10 kPa matric potential (around field capacity) for the L1 to L6 soils. The mean values (for five samples) of air permeability for the L1 to L6 soils are shown in Table 1 ; the letters indicate their significant differences. This shows that the L1, L2, and L3 soils were significantly different from each other and also from the other soils (L4-L6). The P values found, which were >0.05 for the L4 to L6 soils, implies that they were not significantly different from each other. Figure 2b shows the comparison between k a values measured on 100-and 580-cm 3 soil columns at −30 kPa matric potential. The air-filled porosities for both soil column sizes were almost the same (corresponding to 10-mm pore size drained) for the L1 to L6 soils, as shown in Fig. 1b . Considerably higher k a values were observed for the 580-cm 3 soil columns than for the 100-cm 3 soil columns, particularly for the L1 and L2 soils. No scale effect was observed in k a values for the L3 to L6 soils, might be due to the absence of macropores in these soils. The scale effect in k a for the L1 and L2 soils reflects the higher probability of the presence of macropores in large soil columns, which were susceptible to preferential air flow, than in small columns. With this in mind, x-ray CT scanning was performed on the 580-cm 3 soil columns to reveal macropore pathways along the clay gradient and their potential relation with convective air flow (i.e., air permeability).
X-ray Computed Tomography
Visualization of Macropores and Macropore Networks. Three-dimensional visualizations of macropores in soil columns (three soil columns from each location, L1-L6) are shown in Fig. 3 . The macropores formed by earthworms and roots (biopores) were highly continuous, relatively large, and tubular in shape, whereas the smaller and isolated macropores (vughs and planes) were probably interaggregate macropores such as those formed by freezing-thawing or wetting-drying cycles (Luo et al., 2010) . All types of macropores, including biopores and interaggregate macropores, were present in soil columns from L1 to L3 in decreasing order, whereas mainly interaggregate macropores were present in L4 to L6 soils. This suggests that biological (earthworm) activity was present only in the sufficiently aerated soils such as the L1 to L3 soils in this study, while in the L4 to L6 soils only interaggregate macropores formed by freezing-thawing and wetting-drying phenomena were present.
The macropore characteristics (for pores of sizes larger than five voxels, approximately 1 mm) analyzed using x-ray CT for all soil columns including their mean values and standard deviations at each location from L1 to L6 are listed in Table 2 .
Macropore Size Distribution and Largest Macropore Size. Wider macropore size distributions were observed Fig. 2. (a) Air permeability (k a ) measured at −3, −10, −30 , and −100 kPa matric potentials plotted as a function of air-filled porosity for 100-cm 3 soil columns; (b) comparison between k a measured at −30 kPa matric potential for 100-and 580-cm 3 soil columns sampled along a clay gradient. Fig. 3 . Three-dimensional visualization (using x-ray computed tomography) of soil macropores in replicates (A, B, and C) of 580-cm 3 soil columns sampled along an increasing clay gradient from l1 to l6.
for soil columns sampled from L1, and this narrowed moving from L1 to L6 (Fig. 4) . The macroporosity of the soil columns was mainly dominated by macropores >100 mm 3 . These larger macropores were probably biopores. The proportion of macroporosity consisting of macropores >100 mm 3 varied from 0.017 m 3 m −3 at L1 to 0.00 m 3 m −3 at L6 . The largest macropore measured 5209 mm 3 at L1 and 30 mm 3 at L6, as given in Table 2 .
Macropore Length Density. Macropore length density was calculated from the skeletons of macropores and varied from 2.068 cm cm −3 at L1 to 0.125 cm cm −3 at L6 ( Table 2 ). The maximum macropore length in the soil columns varied from 38.81 mm at L1 to 4.74 mm at L6 (Table 2 ). This indicates that no macropore crossed the soil column from top to bottom in any of the soil columns at this x-ray CT resolution. characteristics determined from x-ray CT analysis (for pores having size larger than 5 voxels, 1 mm) and air  permeability values for respective soil columns (580-cm 3 Macroporosity . The general pattern of macroporosity distribution along the depth of soil columns for L1to L6 was quite similar, i.e., a decrease with depth (Fig. 5 ). This indicates that the soil generally became more compact moving down the soil column. Figure 6 shows macroporosity and limiting macroporosity (minimum macroporosity for any quarter of a soil column) plotted as a function of soil clay content from L1 to L6. Macroporosity showed a sharp decrease from L1 to L3 and a modest decrease from L4 to L6. Macroporosity varied from 0.029 m 3 m −3 at L1 to 0.001 m 3 m −3 at L6. Limiting macroporosity varied from 0.014 m 3 m −3 at L1 to 0.00 m 3 m −3 at L6 and also showed comparatively less scatter along the clay gradient.
A strong Pearson correlation coefficient was found between macroporosity and the largest macropore size (r = 0.90), so the soil column with the highest macroporosity also had the largest macropores. This means that the greater the macroporosity, the greater the chance of macropores being interconnected and forming larger macropores. Figure 7a shows macroporosity analyzed using x-ray CT plotted as a function of air-filled porosity at −30 kPa matric potential (the matric potential at which the soil columns were scanned). A linear relation among them indicates that x-ray CT detected about 8% (slope of linear regression) of air-filled pores at −30 kPa matric potential. The large scatter of data reflects a large variability in the presence of macropores in the soil columns, irrespective of their air-filled porosities. Air permeability (k a ) is plotted as a function of air-filled porosity in Fig. 7b . Again, a large scatter of data was found; this may be because k a is mainly controlled by the macropores present in the soil columns rather than the total air-filled pores (Kawamoto et al., 2006) . Figures 7c and 7d were plotted showing k a as a function of macroporosity and limiting macroporosity, respectively. Air permeability showed strong correlations with both macroporosity (R 2 = 0.88) and limiting macroporosity (R 2 = 0.95). A relatively improved relationship between air permeability and limiting macroporosity was found because macroporosity was not constant along the depth of soil columns (Fig. 5) and hence the columnaverage macroporosity was not the direct controlling parameter for convective air flow. Linear regressions shown in Fig. 7 were performed only for the L1, L2, and L3 soils while ignoring the L4 to L6 soils because they were not functional, showing zero air-filled porosity and air permeability values.
Relationship between X-ray Computed Tomography Derived Macroporosity and Air Permeability
Although there was a difference of scales, because x-ray CT could see only the macropores >1 mm in this study (after removing pores smaller than five voxels) while air permeability can "see" (be influenced by) all the air-filled pores down to 10 mm (according to the capillary rise equation at −30 kPa matric potential), a strong relationship was found between the limiting macroporosity derived from x-ray CT and the air permeability. This is because air permeability is mainly controlled by the macropores present in the soil, and therefore macropores analyzed from x-ray CT at this coarse resolution represent all air-filled macropore networks of the soil samples in governing convective fluid transport.
CoNClUSIoNS
Soil-pore structural development and functional macropore networks responsible for convective fluid transport were studied by coupling soil physical measurements and x-ray CT on intact soil columns sampled along a naturally occurring clay gradient. The water-holding capacity of the soils increased significantly with the increase in soil clay content from L1 to L6. Significantly higher air permeability values were observed for the L1, L2, and L3 soils than for the L4 to L6 soils. X-ray CT visualization further supported this as large macropores formed by earthworms and plant roots (biopores) were mainly found in soils with clay contents <0.213 kg kg −1 (L1-L3). For the soils with higher clay contents (L4-L6), only small and isolated macropores (vughs and planes) formed by freezing-thawing and wetting-drying were observed. Although we could see only 8% of the air-filled pores at −30 kPa matric potential using x-ray CT, macroporosity and limiting macroporosity (macroporosity for any quarterlength of a soil column) were found to be good predictors of air permeability. This is because air permeability is mainly controlled by the macropores present in the soil, and therefore macropore networks found from x-ray CT are representative of the soil samples in governing convective fluid transport. The findings of this study confirmed the huge importance of clay content in soil-pore structure development and further showed a great potential in linking x-ray CT derived soil-pore parameters with soil physical measurements toward revealing and quantifying soil functional structure. 
